Rectification of displacement currents in an adiabatic electron pump 
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Rectification of ac displacement currents generated by periodic variation of two independent gate 
voltages of a quantum dot can lead to a dc voltage linear in the frequency u>. The presence of this 
rectified displacement current could account for the magnetic field symmetry observed in a recent 
measurement on an adiabatic quantum electron pump by Switkes et al. [Science 283, 1905 (1999)]. 
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In a recent publication, Switkes et al. reported mea- 
surements on an electron pump that uses periodic 
changes of the electronic wavefunction as the pumping 
mechanism.EJ This "adiabatic quantum electron pump" 
consists of a quantum dot coupled to two electron reser- 
voirs via ballistic point contacts. The shape of the quan- 
tum dot can be controlled by two independent gate volt- 
ages X\ and X 2 . The shape changes are small enough 
that they only affect the quantum mechanical wavefunc- 
tion of electrons in the quantum dot, not their classical 
trajectories. Out-of-phase variation of the gate voltages 
generates a dc voltage V across the dot or a dc current I 
through the dot, depending on the measurement setup. 

While some features of the observed dc voltage V agree 
well with the theoretical models of an adiabatic quantum 
electron pumpJjQ three remarkable observations of the 
experiment could not be explained. (Following Ref. |l|, I 
focus on the voltage measurement; the situation of a cur- 
rent measurement, which was considered in the theories 
of Refs. ^% is discussed later.) First, for small driving 
amplitudes 8X1^2, where V is proportional to 8X18X2, 
the measured dc voltage is a factor ~ 20 higher than the 
maximum voltage allowed by the theory for a»,|adiabatic 
quantum pump in the small-amplitude regime.lirB Second, 
the measured voltage V is symmetric under reversal of 
the magnetic field B, while the theory predicts no sym- 
metry relation between V(B) and V"(— -B).l3cl (Though 
implicit in the theory of Ref. |2| this was not noted un- 
til after publication of the experimental findings.) Fur- 
thermore, in the experiment, the magnitude of the meso- 
scopic fluctuations of the dc voltage decreases by a factor 
two upon application of a time-reversal symmetry break- 
ing magnetic field, while,-th.e theory has no difference be- 
tween B = and B ^ Offl 

In this note, I show that the experimental observations 
of Ref. can be explained if the device of Ref. |l| also 
serves as a rectifier for an ac bias current generated by a 
(parasitic) capacitive coupling of the gate voltage to the 
electron reservoirs.l3 This scenario does not rule out the 
possibility that the device of Ref. [I] also pumps electrons. 
However, to explain the experimental data it is sufficient 
that the rectification voltage obscures the true pumped 
voltage. 

An equivalent electrical circuit depicting the experi- 
mental setup for a voltage measurement and including 



the stray capacitances C% and C 2 between the gates and 
the electron reservoirs, is shown in Fig. |l|a. At low fre- 
quencies, the ac gates voltages X\ and X 2 generate the 
current 



(i) 



through the quantum dot. For slow variations of the gate 
voltages X\ and X 2 , the voltage V(t) across the quantum 
dot is V(t) — I(t)/G(t), where G(t) is the dc conductance 
of the quantum dot and the time-dependence of G arises 
from the time-dependence of the gate-voltages X\ and 
X 2 controlling the shape of the quantum dot. The dc 
component V rcc t of the voltage is found by averaging over 
one period r = 2tt/uj, 
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dtV(t), 
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which can be rewritten as an integral over the area S 
enclosed by the contour in (Xi, X2) space traced out by 
the gate voltages X-y and X 2 in one cycle (see Fig. |]b) , 
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Note that variation of only one gate voltage does not 
produce a dc current to first order in the frequency uj. 

If the experimental setup is such, that current is mea- 
sured, rather than voltage, the ac gate voltages X\ and 
X2 serve as an ac voltage source across the quantum dot, 
V(t) = RCidXi/dt + RC 2 dX 2 /dt, where R is the resis- 
tance of the circuit path containing the current meter 
(assumed to be much smaller than the resistance of the 
quantum dot). Averaging over the period r, one finds 
the rectified current 
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This expression has to be compared with the expres- 
sion for the pumped current in the case of adiabatic 
pumping,0 which has the same integration domain as Eq. 
(^), but a different integrand. 

For a quantum dot with an irregular shape (a chaotic 
quantum dot), as in Ref. |l|, the statistical distribution 
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FIG. 1. (a) Equivalent electrical circuit for the experi- 
ment of Switkes et alia The two ac gate voltages X\ and X2 
not only control the shape of the quantum dot (indicated by 
the dashed arrows), but they are also coupled to the elec- 
tron reservoir via stray capacitances Ci and C2 ■ The voltage 
across the quantum dot is measured by a current volt meter. 
(For a current measurement, the volt meter is replaced by a 
current meter with resistance R.) (b) Schematic drawing of 
the contour in (X\,X2) space that is traced out by one cycle 
of the parameters X\ and Xi. 



sured in Ref. [j] is dominated by the rectification voltage 

K-cct ■ 

How can the rectification voltage (|J) be distinguished 
from the voltage generated by a true quantum pump if, 
in principle, both are present in the same experiment? 
First, when the rectification voltage is dominant, Eq. 
(^) should provide a verifiable relation between the mea- 
sured dc voltage V and the conductance G and its deriva- 
tives dG/dXi^, which can be measured independently of 
I. Second, the two voltages are easily distinguished by 
their magnetic field symmetry: the rectification voltage 
is magnetic-field symmetric, while the voltage generated 
by a quantum pump is not. It may be easier to mea- 
sure pumping in a current measurement geometry with 
low-resistance contacts, as, in that case, the rectification 
current scales with the resistance R of the circuit path 
containing the current meter. 
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and the magnetic field dependence of the conductance 
G and its derivatives dG/dXx, dG/dX 2 are known in 
the literature. The reader is referred to Ref. || for a re- 
view. Here we limit ourselves to a summary of the key 
qualitative properties of V rec t that can be compared to 
the experimental observations reported in Ref. El (The 
current / roct has the same qualitative properties^) 

1. For small driving amplitudes SX\ = 6X2 = 
5X, one has Kect (SX) 2 ; For large SX, one has 
Vtect oc (SX) 1 / 2 . The crossover between small-amplitude 
driving and large-amplitude driving occurs at ampli- 
tude SX ~ (e 2 / h) j a(dG j dX) , corresponding to V rcct ~ 
{e 2 /h) 2 G- 2 Cuj/<j(dG/dX), where a(. . .) denotes stan, 
dard deviation with respect to mesoscopic fluctuationsB 

2. The ensemble average (Vrcct) = 0. 

3. The dc voltage Vi-ect is symmetric under reversal of 
the magnetic field, V rcct (B) = V Iect (-B). 

4- For multichannel point contacts, the variance of 
I4cct is decreased by a factor two when time-reversal sym- 
metry is broken by a magnetic field. (The experiment is 
for two-channel point contacts.) 

All of the properties 1-4 were observed by Switkes et 
al. Properties 1 and 2 also apply to the .voltage gen- 
erated by an adiabatic quantum pumppTa except for 
the magnitude of the voltage at the crossover between 
small-amplitude and large-amplitude driving, which is 
V^>ump ~ u>e/G for an adiabatic quantum pumu, corre- 
sponding to a current of ~ 1 electron per cycle.0 The dc 
voltage observed in Ref. [j] corresponds to ~ 20 electrons 
per cycle at the crossover between small-amplitude and 
large-amplitude driving. Properties 3 and 4 do not hold 
for an adiabatic quantum pump. In view of the magnetic 
field symmetry and the magnitude of the observed dc 
voltage, it cannot be excluded that the voltage V mea- 
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